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V. Uhlı́ř1,2*, M. Urbánek2,3, L. Hladı́k3, J. Spousta2,3, M-Y. Im4, P. Fischer4, N. Eibagi1, J. J. Kan1,
E. E. Fullerton1 and T. Šikola2,3

Magnetic vortices are characterized by the sense of in-plane magnetization circulation and by the polarity of the vortex
core. With each having two possible states, there are four possible stable magnetization configurations that can be utilized
for a multibit memory cell. Dynamic control of vortex core polarity has been demonstrated using both alternating and
pulsed magnetic fields and currents. Here, we show controlled dynamic switching of spin circulation in vortices using
nanosecond field pulses by imaging the process with full-field soft X-ray transmission microscopy. The dynamic reversal
process is controlled by far-from-equilibrium gyrotropic precession of the vortex core, and the reversal is achieved at
significantly reduced field amplitudes when compared with static switching. We further show that both the field pulse
amplitude and duration required for efficient circulation reversal can be controlled by appropriate selection of the
disk geometry.

Magnetic vortices are the curling magnetization structures
that represent the lowest energy state in submicrometre-
sized magnetic disks or polygons1 where the flux closure

character is exchange-compensated by the vortex core in the disk
centre2,3. The vortex state is characterized by the circulation of the
magnetization in the plane of the disk, either anticlockwise or clock-
wise (c¼þ1 or 21), and the polarity of the core, which points
either up or down ( p¼þ1 or 21), perpendicular to the disk
plane. (‘Spin circulation’ directly refers to the binary character of
the flux-closing magnetization state, whereas the term ‘vorticity’,
sometimes used in the literature, is a continuous measure of the
total magnetization curl and is better suited to describe general
magnetization states, such as C-states.) The combination of circula-
tion and polarity defines chirality (handedness), that is, whether it is
a right-handed (cp¼þ1) or left-handed (cp¼21) vortex.

When excited by a fast-rising magnetic field or spin-polarized
current, vortices exhibit a rich variety of fundamental dynamic
behaviours that are inherent to chiral structures4–12. Generally, the
magnetization distribution of a vortex is an example of a magnetic
topological soliton13 and features low-frequency precessional
modes5,8 associated with the translational motion of the core. The
precessional mode has been the subject of considerable interest,
with applications in oscillators11,12 and resonant amplification of
gyrotropic precession for low-field14,15 or low-current16 excitations.

Because of their multiple stable ground states, vortices have also
been studied as potential multibit memory cells17–19. This appli-
cation requires independent control of both the circulation and
the polarity. The polarity can be reversed by applying a static out-
of-plane magnetic field, although its magnitude needs to be quite
large, on the order of 0.5–1.0 T (ref. 20). However, fast stimuli
can lead to much more efficient core polarity switching. Using a
magnetic field14,21,22 or current16, the vortex core can be driven
into gyrotropic precession and the core polarity reversed as soon
as the core reaches a critical velocity16,23,24. This effect is similar to
Walker breakdown in domain-wall motion in nanowires1,23.
Instability of the core leading to polarity reversal can be also

induced by excitation of high-frequency azimuthal spin wave
modes using rotating magnetic fields25. The mechanism of polarity
reversal generally involves the creation and annihilation of a vortex–
antivortex pair, followed by the formation of a core with opposite
polarity, which can occur in less than 0.1 ns (refs 21,26,27).

The subnanosecond character of vortex polarity switching raises
the question of controlling the spin circulation on similar time-
scales, thus opening a path to selective and independent control
of the polarity and circulation. Unlike switching core polarity, con-
trolled switching of spin circulation with magnetic fields requires
displacing the vortex core out of the disk and then reforming the
vortex with the opposite spin circulation. The core expulsion can
be performed by using an in-plane static magnetic field that
moves the core to the side of the disk and finally annihilates the
vortex when Ban-stat is reached28. The sense of magnetization circu-
lation that forms as the field is removed can be controlled either by
exploiting an asymmetry in the structure shape29–31 or in the spatial
distribution of the applied magnetic field32–35. Symmetry-breaking
in vortex creation can also be achieved by interfacial effects, such
as exchange biasing36 or the Dzyaloshinskii–Moriya interaction37.
Other approaches have been proposed based on spin-transfer
torque38 or dynamic evolution of the C-shaped magnetization
states after expelling the vortex core9. However, until now, control
of spin circulation in magnetic vortices has only been demonstrated
experimentally under static conditions.

Here, we show that far-from-equilibrium gyrotropic precession
enables dynamic switching of spin circulation and substantially
decreases the dynamic annihilation field Ban-dyn compared with
static conditions. This annihilation field reduction is analogous to
the reduction of switching fields in Stoner–Wohlfarth particles39

by precessional reversal using fast-rising magnetic field pulses40.
We further show that the lower bound of the time required for
spin circulation switching is set by the gyrotropic eigenfrequency
of the vortex core motion, which is defined by the disk geometry5.

In the present experiments we study permalloy (Ni80Fe20) disks
of different diameters (250–1,100 nm) and thicknesses (20 and
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30 nm) that are excited by externally applied static magnetic fields
or by applying in-plane magnetic field pulses created by current
pulses in a waveguide (details of the sample and waveguide are
shown in Fig. 1). Magnetization states were imaged with full-field
magnetic soft X-ray transmission microscopy (MTXM) at the
Advanced Light Source (ALS), BL 6.1.2 (ref. 41; see Methods for
details). The presence of the vortex is seen as a black/white contrast
across the disk (Fig. 1c).

Figure 2a–c shows the remanent magnetic states of 510-nm-wide
and 20-nm-thick disks (referred to as 510/20 disks hereafter) after
application of static magnetic fields. Before applying the magnetic
fields, the spin circulations in the disks were random (not shown).
Figure 2a illustrates the situation after applying a negative field of
290 mT, which is sufficient to saturate the magnetization and
expel the vortex core. All disks show identical circulation after
removing the field. Upon increasing the field amplitude in the posi-
tive direction, there is a threshold above which the circulation in the
individual disks begins to switch (Fig. 2b); finally, a positive field of
34 mT results in switching of all the circulations in the opposite
direction (Fig. 2c). This indicates a modest distribution in static
vortex annihilation field Ban-stat within one sample. Similar images
for 250/20 disks are shown in Fig. 2d,e, with Ban-stat¼ 51 mT.
The measured values of Ban-stat for different disk geometries are
listed in Table 1 and are taken as the field at which 50% of the
circulations have switched.

Based on Fig. 2a–e we can conclude that the final circulation is
the same in all the disks and depends solely on the sign of the
applied magnetic fields (Supplementary Fig. S1). This is a result
of a controlled symmetry-breaking in the disks arising from a
wedge-like variation in the disk thickness at the disk boundary
(Fig. 1b). Note that a small induced uniaxial anisotropy might
also be present, but this does not contribute to symmetry-breaking
in circulation creation. Although magnetic dipolar interaction
between the disks can be neglected when the disks are in a vortex
state, it can become significant when the disks reach the monodo-
main state after vortex annihilation42,43. However, this effect
cannot provide an explanation for the formation of a uniform
spin circulation in the long chain of disks we are studying.
Although edge roughness and lithography defects breaking the cir-
cular symmetry of the disks could also play a role, the final circula-
tion was the same in all the disks of the chain, even in samples with
different disk geometries.

Figure 2f–h shows the remanent magnetic state in 250/20 disks in
response to pulsed magnetic fields. Figure 2f shows the initial state set
by a static field, and Fig. 2g,h shows the magnetic states after applying
1 ns and 1.5 ns pulsed fields, respectively, to initiate dynamic switch-
ing. These images show that control of the final circulation is main-
tained using pulsed fields, but the dynamic annihilation threshold
field (Ban-dyn) is only 26 mT (Fig. 2g), which is roughly half Ban-stat
(Fig. 2e). Although we see a significant reduction in the switching
field with pulsed current, there is a lower limit to the pulse duration
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Figure 1 | Sample configuration. a, Schematic of the sample: a nanodisk
chain fabricated on top of a 50-nm-thick gold waveguide. An applied
positive current Ipulse produces an in-plane field Bpulse transverse to the
stripline. The stripline is fabricated on a 200-nm-thick Si3N4 membrane
window, which is transparent to the incoming soft X-rays, allowing imaging
in transmission geometry. b, A scanning electron microscopy (SEM) image
showing the detail of a 500-nm-wide and 20-nm-thick disk. The thickness
asymmetry at the bottom-left part of the disks is highlighted by the
schematic close-up. Scale bar, 500 nm. c, Magnetic contrast in the image of
a 1,000-nm-wide nanodisk after dividing it with a reference image containing
a vortex with the opposite spin circulation. The curl of the magnetization is
indicated. The black and white domains represent parallel and antiparallel
orientation of the magnetization projected on the incident soft X-ray beam.
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Figure 2 | MTXM images showing the switching of spin circulation in magnetic vortices by static magnetic fields and field pulses. The MTXM images of
vortices were taken after application of in-plane magnetic fields. The arrows on the right of each image indicate spin circulation. Arrows and labels below the
images show the polarity and magnitude of the applied field, as well as pulse duration where applicable. a–c, Switching of spin circulation in 510/20 disks by
a static magnetic field. d,e, Switching of spin circulation in 250/20 disks by a static magnetic field. f, Initial magnetization configuration in 250/20 disks
before applying magnetic field pulses. g,h, Final state after applying a 26 mT pulse of 1 ns (g) and 1.5 ns (h). Each image is divided by a reference image
containing all vortices with the original spin circulation, that is, before applying the magnetic field in each case. Only the vortices that have switched
circulation therefore show magnetic contrast.
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where switching is not observed or could only be achieved at higher
applied fields. In 250/20 disks, the onset of switching was observed
for pulses of 1 ns (Fig. 2g) or longer (Fig. 2h). The minimum
pulse amplitudes and durations required for circulation switching
are summarized in Table 1 and the minimum pulse durations
are plotted in Fig. 3b (blue triangles) for 20-nm-thick disks. The
significant decrease in field pulse amplitude was observed for different
disk geometries (Table 1) with ratios Ban-dyn/Ban-stat varying from
0.44 to 0.59.

Although the details we observe can be reproduced by micro-
magnetic simulations (as described in the following) the trends

directly emerge from analytical models describing vortex dynamics.
The magnitude of the static annihilation field can be determined
using the rigid-core model28,44. It satisfactorily predicts the annihil-
ation fields for a wide range of L/R, where L is the disk thickness and
R its radius. A static magnetic field moves the vortex core to a new
equilibrium point (Fig. 3c), which is at a distance s from the disk
centre, where s¼ RxB/(m0MS) (ref. 5, 28; where x is the static
susceptibility of the vortex state, B is the applied magnetic field,
and MS is the spontaneous magnetization of the material).
Because of a flux-closing magnetization configuration in vortices,
their annihilation requires expelling the vortex core out of the
disk, which occurs when s¼ R.

The process of core annihilation is qualitatively different when
using pulsed magnetic fields with a rise time much shorter or com-
parable with the period of the translational vortex eigen-oscillation5.
Applying such a pulse causes the vortex core to gyrate about an
equilibrium point determined by the amplitude of the pulse. The
trajectory of the vortex core is approximately circular (Fig. 3d,
solid line) if the nonlinearity of x for s/R ! 1 is neglected. The
switching is most efficient when the core is annihilated during the
first half-period of the gyration (Fig. 3d). In this regime the influ-
ence of damping on the core trajectory can be neglected5 and the
threshold Ban-dyn corresponds to s¼ R/2. In this case, the model
predicts Ban-dyn¼ Ban-stat/2, which is close to our experimental
observations. Note that the measured Ban-stat values listed in
Table 1 include any possible deviations from the expected values
due to sample imperfections.

Table 1 | Static and dynamic annihilation fields for different
disk geometries.

Diameter/thickness
(nm)

Ban-stat

simulated
(mT)

Ban-stat

(mT)
Ban-dyn

(mT)
Ban-dyn/
Ban-stat

ts

(ns)

250/20 67 51 26 0.51 0.95
510/20 53 32 14 0.44 1.45
960/20 39 27 13 0.48 2.45
1,000/20 38 29 17 0.59 2.45
1,040/20 37 23 11 0.48 2.75
560/30 66 48 22 0.46 2.75
1,100/30 46 37 20 0.54 3.45

Ban-stat, Ban-dyn and switching time ts, indicating the minimum pulse duration where switching was
observed, listed for different disk geometries. The average value of Ban-dyn/Ban-stat is 0.50+0.02 mT.
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Figure 3 | Conditions for static and dynamic annihilation of the vortex core. a, Solid lines indicate simulated s/R versus B curves for 20-nm-thick disks of
different diameters (labelled by diameter/thickness in nm). Full circles indicate simulated Ban-stat fields. Open circles represent approximate Ban-dyn fields
corresponding to the values Ban-stat/2. Dashed lines are guides to the eye to read the distance of the initial equilibrium point. Dotted lines indicate relative
vortex core displacement as a function of B predicted by the rigid-core model. Squares indicate Ban-stat fields predicted by the rigid-core model. b, Minimum
measured pulse durations needed for spin circulation switching (solid symbols) compared to half-period times calculated using the pole-free model.
c, Displacement s of the vortex core by a quasi-static magnetic field. d, Black line indicates a core trajectory induced by a fast-rising magnetic field assuming
a linear static susceptibility. Red and green dashed lines and circles schematically represent the trajectories and the equilibrium points for disks with
diameters of 500 nm and 1,000 nm, respectively, with an increasing nonlinearity of static susceptibility. e, Effect of a field pulse with rise time comparable to
the period of the core eigen-oscillation. The core gyrates about a moving equilibrium point, and therefore follows a cycloidal trajectory.
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A more quantitative understanding requires an extension beyond
the linear rigid-core model. As the core approaches the disk bound-
ary, the vortex susceptibility falls into the nonlinear regime and a
realistic dependence of the vortex core displacement s on applied
field B should be taken into account. Figure 3a presents s/R
versus B curves that demonstrate vortex annihilation for 20-nm-
thick disks calculated using micromagnetic simulations45 and the
rigid-core model. To directly compare these two approaches, the
wedge-like disk asymmetry is not included in the simulation. At
low applied fields, the initial susceptibility predicted by the rigid-
core model (dotted lines) is lower than that obtained by simulations.
The linear regime ends at approximately s¼ 0.25R, which is consist-
ent with experimental observations46.

Beyond this regime, the simulated susceptibility progressively
decreases, and for large s/R becomes lower than the susceptibility
predicted by the rigid-core model. This nonlinearity is more appar-
ent in the case of disks with larger R. The model overestimates
Ban-stat for small disks and underestimates it for large disks
(Supplementary Fig. S2). Hence, the equilibrium points correspond-
ing to dynamic annihilation fields, Ban-dyn¼ Ban-stat/2 (Fig. 3a, open
circles), are also greater than 0.5R for disks with larger R ("0.65R
for 500 nm disks and "0.75R for 1,000 nm disks). As a result, the
core trajectories become elliptical (Fig. 3d, dashed lines), as has
been observed experimentally46.

Because the threshold dynamic switching occurs for a half-
period of the core gyration, the corresponding eigenfrequency v0
can be used to estimate the lower limit of the switching time. v0
can be approximated by the pole-free model in the linear vortex sus-
ceptibility regime5. The calculated switching time is shown in Fig. 3b
as the black solid line that tracks the experimental values with an

offset. This offset is largely a result of the finite rise time of the
experimental field pulse ("0.5 ns; see Methods). Another contri-
bution comes from the fact that the experimental core frequency
was found to be lower than predicted for high-aspect-ratio disks47.
In our case this can be explained both by the effect of edge rough-
ness and the thickness asymmetry that effectively increases x and
decreases v0. The model’s neglect of core annihilation at the disk
boundary has a small effect on the actual switching time.

In principle, faster switching might be achieved by increasing the
field amplitude above the threshold value. However, this can lead to
polarity reversal, which reverses the sense of core gyration4 and can
prevent the core from reaching the disk boundary. A fast-moving
vortex core loses its rigid character48 as the kinetic energy is accumu-
lated in the core deformation, and the corresponding effective field,
called the gyrofield, can eventually flip the polarity16,23. In our case,
as the vortex excitation is dominated by the gyrotropic core motion
induced by an in-plane spatially homogeneous field, we neglect the
contribution of azimuthal spin waves to the core instability25 and
assume the polarity switching occurs when the core velocity vc
reaches a critical value vcrit that depends only on the intrinsic par-
ameters of the disk, as predicted by Guslienko et al.23,24.

Simulations show that this becomes an issue for relatively thick
and large disks. In the first approximation, assuming a threshold
field of B¼ Ban-stat/2, a circular core trajectory (linear regime) and
constant v0, the maximum core velocity is v0R/2. Considering
the pole-free model5, v0 is proportional to L/R and vc depends
only on the disk thickness L. However, v0 can be considered con-
stant only during the initial core motion in the linear region49.
Moreover, as vc increases with distance between the core and the
equilibrium point, it can reach vcrit in disks with large R. This
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Figure 4 | Temporal evolution of dynamic annihilation of the vortex core. a, Sequence 1–4. Left column: time-resolved MTXM images of the dynamic
response of a magnetic vortex in a 1,040/20 disk to the unipolar magnetic field pulse plotted in b. Right column: images obtained by a micromagnetic
simulation explaining the observed contrast. All images were divided by a reference in the saturated state. The images are a sum of two alternative
trajectories for a core polarity up and a core polarity down. Red and green dots mark the approximate positions of the vortex cores with the polarity up and
down, respectively. b, The points indicated on the pulse time profile represent the instants when the X-ray flashes hit the sample. They are identical for both
core polarities (combined numbered tags). c, Schematic of the two vortex core trajectories during vortex annihilation.
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possibility is confirmed by simulation of the threshold-field core
expulsion in 500/20 and 1,000/20 disks, where the core reaches a
velocity above 400 m s21 within the first 30 ps of motion, leading
to polarity switching. In 250/20 disks the polarity is conserved
and the core is expelled.

However, in our experiments the circulation is switched by pulses
in disks up to 30 nm thick and 1,100 nm in diameter. This is not
expected based on the analytical model or simulations and can be
explained by the positive effect of finite rise time. If the rise time
is comparable to the period of the core eigen-oscillation, the core
moves together with the equilibrium point (shown schematically
in Fig. 3e). The core follows a cycloidal trajectory, and the instan-
taneous distance between the core and the equilibrium point is
decreased, maintaining the core velocity below vcrit. Consequently,
the amplitude of the pulse has to be increased above Ban-stat/2 to
expel the core, but the polarity is not flipped.

To gain further insight into vortex annihilation and subsequent
circulation switching, time-resolved MTXM using a pump–probe
imaging mode41 was performed. A unipolar field pulse was
applied to the sample containing 1,040/20 disks at a repetition
rate of 3.05 MHz. It was verified that the magnitude of the pulse
was sufficient to switch the spin circulation in the disk. However,
in the time-resolved experiment the field polarity was fixed so
that the same final circulation was maintained for each imaging
cycle. Figure 4a presents stroboscopic images of the vortex annihil-
ation (images 1 to 4, left column) during application of the field
pulse plotted in Fig. 4b. The images in the right column of Fig. 4a
were produced by micromagnetic simulation, which qualitatively
explains the observed magnetic contrast.

The vortex cores follow part of a cycloidal trajectory, because the
rise time (4 ns) is comparable to the eigen-oscillation period (5.1 ns
for 1,040/20 disks). The symmetric magnetic contrast of the two
vortex core trajectories apparent in images 2 to (Fig. 4a) corresponds
to two opposite polarities of the vortex core (red and green dots),
because the core polarity defines the sense of the core precession4.
The acquired images represent an average of a multitude of cycles.
We conclude that core polarity is not on average conserved
during the annihilation–nucleation processes. If vortex core polarity
was conserved, the same type of trajectory would be observed for
each process. The two core trajectories are schematically illustrated
in Fig. 4c. Stroboscopic images of the precession of a vortex core
with constant polarity are shown in Supplementary Fig. S3.

In summary, we have experimentally demonstrated controlled
spin circulation switching in magnetic vortices with nanosecond
field pulses. We further demonstrate that pulsed switching requires
approximately half the field strength compared with static
switching. The results are supported by both analytical models
and micromagnetic simulations, showing that both the time and
field switching scales strongly depend on the disk geometry.
Importantly, scaling down the disks accelerates circulation switch-
ing. The analytical model predicts that switching times shorter
than 0.5 ns are possible for 100/20 disks. The limit is set by the tran-
sition of the vortex state to a monodomain state for permalloy disks
smaller than 100 nm (ref. 50). In Supplementary Movie S1, we
present a proof-of-concept simulation of controlled circulation
switching in a 100/20 disk with a wedge-like asymmetry. The simu-
lation was carried out using the FastMag finite-element code51,52.

In our experiments we observe nucleation of a random core
polarity upon circulation reversal, preventing full control of vortex
chirality by in-plane field pulses. The core polarity could potentially
be controlled by an additional out-of-plane bias field31 or by using
pulses with an out-of-plane field component. Alternatively, the
core polarity can also be adjusted, as choosing the right geometry
of the disks along with the field pulse parameters enables selective
polarity switching. Our results present a route to independent
control of all four vortex states on subnanosecond timescales.

Methods
Magnetic imaging. Magnetic full-field transmission soft X-ray microscopy
(MTXM) experiments were performed at Beamline 6.1.2 at the ALS in Berkeley,
California41. The spatial resolution of 25 nm was determined by the Fresnel-zone
plates used as X-ray objective lenses. Magnetic contrast was obtained using X-ray
magnetic circular dichroism (XMCD), giving absorption coefficients proportional to
the projection of the magnetization in the direction of the incoming X-rays.
The sample was oriented at 608 with respect to the X-ray beam to measure the
in-plane magnetization component. Each image was recorded for one circular
polarization at the Fe L3 edge (707 eV).

The contrast was further enhanced by dividing the image by a reference image
containing all vortices with the same spin circulation and a reference at saturation.
We used both references to unambiguously recognize the circulation switching
(Supplementary Fig. S1a–d), as dividing an onion state by a vortex state would result
in a contrast that looks like a vortex with spin circulation switched with respect to
the reference. We also used subpixel alignment to avoid production of artificial
contrast that might be mistaken for circulation switching. For presentation of the
results we used a vortex reference for the quasi-static imaging and a reference at
saturation for time-resolved imaging. The presented images were processed by band-
pass filtering using the ImageJ software to remove spatial frequencies higher than
0.5 px21 (resolution limit) and lower than 0.017 px21 (background removal).

The time-resolved experiments were based on a pump–probe technique enabling
stroboscopic imaging of reproducible events53. The time structure of the ALS in two-
bunch mode operation allowed synchronizing of the field pulses (pump) with the
X-ray photon flashes (probe) and recording the temporal evolution of the
magnetization in the nanodisks for different delays between the field pulses and
photon flashes. The temporal resolution was given by the length of the photon
flashes (70 ps) arriving at the sample at 3.05 MHz repetition frequency. The total
acquisition time for each image was "120 s (resp. 480 s, in Supplementary Fig. S3),
that is, "3.7 × 108 (resp. 1.5 × 109, in Supplementary Fig. S3) events were averaged
per single image.

Sample preparation and experimental set-up. Gold-capped permalloy (Ni80Fe20)
nanodisks with diameters in the range of 250–1,100 nm and thicknesses of 20 and
30 nm were patterned into linear arrays (Fig. 1a) by electron-beam lithography and
liftoff processing. The gold capping layer was 2 nm thick. Deposition of the
permalloy thin film on a 500-nm-thick polymethyl methacrylate (PMMA) mask was
carried out by directional ion-beam sputtering with the sputtered particles incident
at 158 from the film normal. Shadowing by the PMMA mask led to a wedge-like
asymmetry at one side of the disks (Fig. 1b) with a maximum thickness drop of
"10 nm. The variation of disk thickness was the same in all disks within the
sample. Magnetic field pulses were applied by passing a current through a gold
waveguide carrying the disks, which was made by liftoff and subsequent trimming to
a desired width (0.8–2.2 mm) by a focused ion beam. The entire structure was
fabricated on a 200-nm-thick Si3N4 membrane to ensure transparency to soft X-rays.

Magnetic field pulses were generated by launching current pulses into the
waveguide using a fast pulse generator (Picosecond Pulse Labs 10,050A) with a
nominal risetime of 45 ps. The individual pulses were passed through the sample
and recorded on a 4 GHz oscilloscope (LeCroy WaveMaster 804Zi-A), allowing the
capture of pulse rise times down to 0.1 ns. The recorded rise time was "0.5 ns,
longer than the nominal value due to pulse distortion in the waveguide. Time-
resolved experiments were carried out using a different pulser (Agilent 81150A),
providing a longer rise time of 2 ns but capable of a repetition rate of 3.05 MHz,
which is set by the ALS facility. The recorded pulse shape is shown in Fig. 4b.

The uncertainties of the measurement of pulse amplitude and pulse duration are
less than 1% and 5% (standard deviation), respectively. For the determination of
switching parameters we used the median of the number of switched disks, with
nominal steps of 0.1 ns in the pulse duration and 2 mT in the static field amplitude.
The error bars in Fig. 3b correspond to+1/2 of this interval combined with the
standard deviation of the measurement.

Micromagnetic simulations. Simulations were carried out using the finite-
difference code OOMMF45. The finite-element code FastMag51,52 was used for
illustration of the circulation switching, including thickness asymmetry
(Supplementary Movie S1). The nanodisks were discretized either into cubes with
dimensions of 4 × 4 × 4 nm3 (OOMMF) or into tetrahedrons with a 4 nm mesh
size (FastMag). Zero magnetocrystalline anisotropy and an exchange constant of
Aex¼ 10 pJ m21 (typical for NiFe) were used. The damping parameter a,
spontaneous magnetization MS and gyromagnetic ratio g were determined
experimentally using ferromagnetic resonance on blanket film samples, with values
of a¼ 0.0072, MS¼ 690 kA m21 and g¼ 2.09 × 1011 rad Hz T21. The MS value
was verified by vibrating sample magnetometry.
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48. Döring, W. On the inertia of walls between Weiss domains. Z. Naturforsch.
3a, 373–379 (1948).

49. Dussaux, A. et al. Field dependence of spin-transfer-induced vortex
dynamics in the nonlinear regime. Phys. Rev. B 86, 014402 (2012).

50. Chung, S-H., McMichael, R. D., Pierce, D. T. & Unguris, J. Phase diagram of
magnetic nanodisks measured by scanning electron microscopy with
polarization analysis. Phys. Rev. B 81, 024410 (2010).

51. Chang, R., Li, S., Lubarda, M. V., Livshitz, B. & Lomakin, V. FastMag: fast
micromagnetic simulator for complex magnetic structures. J. Appl. Phys. 109,
07D358 (2011).

52. Escobar, M. A. et al. Advanced micromagnetic analysis of write head
dynamics using FastMag. IEEE Trans. Magn. 48, 1731–1737 (2012).

53. Kasai, S. et al. Probing the spin polarization of current by soft X-ray
imaging of current-induced magnetic vortex dynamics. Phys. Rev. Lett. 101,
237203 (2008).

Acknowledgements
The authors thank R. Descoteaux and O. Inac for technical help. The authors also thank
M. Escobar and V. Lomakin for help with the FastMag simulations, R. Antoš for useful
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